Abstract
Understanding the benefits and costs of acquiring and consuming different forms of animal 23 matter by primates is critical for identifying the selective pressures responsible for increased 24 meat consumption in the hominin lineage. Chimpanzees (Pan troglodytes) are unusual among 25 primates in the amount of vertebrate prey they consume. Although there has been much debate 26 over the putative social benefits of hunting, surprisingly little is known about the nutritional 27 benefits of eating meat for this species. In order to understand why chimpanzees eat vertebrates, 28 it is critical to consider the relative benefits and costs of other types of faunivory, e.g., of 29 acquiring and consuming vertebrate relative to invertebrate (typically insect) prey. Although we 30 lack specific nutritional data on the flesh and organs of chimpanzee prey, the macro-nutrient 31 profiles of insects and wild vertebrate meat are generally comparable on a gram-to-gram basis. 32
There are currently very few data on the micro-nutrient (vitamin and mineral) content of meat 33 consumed by chimpanzees. With few exceptions, the advantages of hunting vertebrate prey 34 include year-round availability, rapid acquisition of larger packages and reduced 35 handling/processing time (once prey are encountered or detected). The disadvantages of hunting 36 vertebrate prey include high potential acquisition costs per unit time (energy expenditure and risk 37 of injury) and greater contest competition with conspecifics. Acquiring an equivalent mass of 38 invertebrates (to match even a small scrap of meat) is possible, but typically takes more time. 39
Furthermore, in contrast to vertebrate prey, some insect resources favored by chimpanzees 40 (including termites, especially alates) are effectively available only at certain times of year. In 41 this review, we identify the critical data needed to test our hypothesis that, in terms of micro-and 42 macronutritional values (and associated packaging benefits) meat scraps may have a higher (or at 43 least comparable) net benefit:cost ratio than insect prey. This would support the 'meat scrap' 44 processing the different prey types. We relax this assumption in section 4, where we focus on 112 what is known of the nutritional content of meat and insects (and the available data do suggest 113 that meat and invertebrate nutritional content can differ when compared on a gram-for-gram 114 basis). This approach serves to identify critical areas of future research. 115
116

Availability of vertebrate prey 117
Chimpanzees prey upon at least 32 species of mammals (Uehara 1997), 9 birds (Teleki 1981 ) 118
and possibly small lizards and amphibians. Hunts of many of these species can best be described 119 as opportunistic; for example, stumbling upon a bushbuck fawn hidden in the undergrowth 120 (Goodall 1986), or finding nestlings or eggs in a tree hollow (Wrangham 1975 ). These events are 121 likely to be affected by many factors, including breeding seasonality of the prey (if immature 122 individuals are targeted) and ranging patterns of both predator and prey. However, to our 123 knowledge, there has not been a systematic study of the frequency or regularity of encounters 124 with such prey items. While challenging to collect, these missing data are critical for 125 understanding the role of meat in chimpanzee diet. 126
In contrast, encounters with red colobus monkeys have been recorded at several sites. At 127 Ngogo, chimpanzees encountered red colobus 1-33 times per month in 1998 and 1999 (Mitani 128 and Watts 2001). Also, Mitani and Watts (1999) and Watts and Mitani (2002) describe 'hunting 129 patrols' in which large parties of males travel quietly, in single file, apparently deliberately 130 searching for monkeys. This suggests that to some extent, male chimpanzees at Ngogo may have 131 some control over the encounter rate. It should be noted, however, that the red colobus 132 population at Ngogo has sharply declined in recent years (Teelen 2007) , most likely as a result of 133 actively search for monkeys. Instead, they attribute the increase in hunting frequency to a 138 seasonal peak in red colobus births and increased prey vulnerability (due to reduced traction on 139 wet branches during the rainy season; Boesch and Boesch-Achermann 2000). In this sense, 140 infant or otherwise 'vulnerable' monkeys may be more available at certain times of year. At 141
Mahale, a general increase in predation rates over time may have been linked to an overall 142 increase in red colobus density (Hosaka et al. 2001 ), although encounter rates were not reported. 143
At Gombe, red colobus encounter rate is strongly seasonal, peaking in the late dry season months 144 of August and September (Gilby 2004; Gilby et al. 2013) . A simple explanation for this pattern is 145 that the probability of encountering colobus is positively correlated with daily travel distance, 146 which increases during these months (Gilby 2004; Gilby et al. 2013 ). Additionally, the 147 probability of encountering red colobus in woodland habitat (where hunts are more likely to 148 occur ) is correlated with daily travel distance (Gilby et al. 2013 This shows that invertebrates can vary in their accessibility and predictability, with 208 termites being more predictable prey in time and space but (usually) available only seasonally, 209
while Oecophylla and Dorylus ants are less predictably encountered in space but are (at least 210 potentially) available year-round. Additionally, termite fishing is absent at some sites (e.g. 211
Mahale M-Group), even though termites are present (Whiten et al. 1999 ; also see Collins and 212
McGrew 1987). One thus cannot assume that invertebrate prey is always an option for wild 213
chimpanzees at any place and time. This varying availability may be a major factor in the 214 decision to hunt vertebrates instead. For example, if we assume that all chimpanzee faunivory 215 fulfills the same nutritional needs, an individual may be more inclined to hunt (or even seek out 216 vertebrate prey (e.g. at Ngogo)) if readily accessible insects are not available at that time due to 217 spatial, seasonal and/or depletion constraints. 218
219
Prey capture 220
Acquiring vertebrate prey is best described as "high-risk, high-yield". The potential payoff can 221 be great (e.g., an entire red colobus carcass weighing from 1-12 kg), and even non-hunters are 222 often able to obtain appreciable amounts through scrounging, begging or active sharing (Gilby there is a real risk of hunting failure; for example, at Gombe, focal males failed to capture a 236 monkey in 68% of the hunts they actively participated in ). Even if another 237 member of the hunting party makes a kill, not all hunters may obtain a share. Finally, meat 238 possessors often face harassment (Wrangham 1975 ) from other chimpanzees begging for a share 239 of the carcass. At Gombe, this harassment typically takes the form of reaching for and pulling on 240 the carcass, acts which slow the rate at which the possessor can consume meat (Gilby 2006) . There are also sex differences in the costs and benefits of hunting vertebrate prey. Males 250 hunt red colobus more often than females do (Mitani and Watts 1999; Stanford et al. 1994a McGrew (1979; 1983) argued that for females with dependents, insectivory is a more viable 260 option than hunting. Indeed, females consume insects more frequently and for longer durations 261 than males (McGrew 1979 (McGrew , 1992 . 262
Compared to hunting vertebrates, it probably requires less energy per minute of effort to 263 acquire insects. However, the gain is (in most cases) also diminished (at least when compared to 264 the potential high-gain outcome of vertebrate hunting). McGrew (1974) reported that Dorylus 265 ant-fishing sessions ranged from 3-48 minutes, and an average dip rate of 2.6/minute. Using 266 these values, O'Malley and Power (2012) estimated the maximum payoffs for ant-fishing to be 267 56.16g of ants, 59kcal (metabolizeable energy basis), 0.82g of fat and12.87g of protein.). As 268 noted above, the average hunt lasts approximately 18 minutes (at Taï and Ngogo), during which 269 a hunter has a greater than 60% chance of obtaining at least a scrap of meat (at Gombe (Gilby et 270 al. 2008 )), which is typically more than 50g (Gilby 2006 ). Thus, the payoff is higher for hunting 271 same-sex conspecifics; Lonsdorf (2006) 
In sum, with regard to capturing vertebrates versus invertebrates, chimpanzees are faced 282 with the 'packaging problem'; "Costs and benefits -good and bad -always comes packaged 283 together…No perfect food exists" (Altmann 2009 ). Based on classic optimal foraging theory 284 (Stephens and Krebs 1986), we expect chimpanzees to feed on the prey type which offers the 285 highest ratio of benefits to costs at that time. The resulting benefit-cost ratios will differ in 286 response to various internal and external conditions, such as season (e.g., hunting may not be 287 optimal when termite alates are present), opportunity (e.g. a hunt is likely to succeed if many 288 adult male chimpanzees are present), and by an individual's condition (e.g. if in negative energy 289 balance, choose insectivory rather than expend energy on hunting (Gilby and Wrangham 2007 
)). 290
Future research is needed to identify whether these patterns exist as predicted. 291 292
Consumption 293
Chewing 294 unlikely that they present much of a challenge to chew. While termite-fishing, for example, there 296 is typically very little delay between dips to suggest that chewing is the rate-limiting step. Raw 297 meat, on the other hand, may be difficult for chimpanzees to chew. Wrangham (1975; 
possible that chimpanzees target young colobus because they are more tender than adults (as is 304 the case in domesticated cattle (Shorthose and Harris 1990)), although they may also (or in 305 addition) be easier to capture. In addition to variation in chewing time across prey age classes, an 306 important (and often overlooked) property of vertebrate prey is that there is considerable 307 variability in texture among tissue types. Internal organs such as the liver and the intestines are 308 extremely soft, while bones, sinew and skin are quite tough. This variation clearly affects 309 chewing time, and must be taken into account when considering the costs of consuming 310 vertebrate prey. Much of the easily-chewed parts are probably consumed quite quickly. Indeed, 311 chimpanzees appear to be selective in which parts of the carcass they eat first. To our knowledge, 312 the order of tissue consumption has not been systematically analyzed, but it appears as though 313 the viscera are typically eaten early in a bout (Teleki 1973; Wrangham 1975 , Gilby, personal 314 observation). However, it is unclear whether this is due to ease of chewing, selection based on 315 nutritional content (see Nutritional Content, below), or the fact that these organs become quickly 316 available as a carcass is torn in two. Nevertheless, it is clear that the internal organs are more 317 different muscle types are easier to chew than others. For example, the psoas muscle (the 320 tenderloin), which lies alongside the spine, is particularly tender in domestic animals 321 Typically, the last parts to be eaten are the bones and skin (Goodall 1986) which appear 331 to be the most time consuming (yet least rewarding) pieces to process. It is likely that these 332 pieces contribute disproportionally to the total time spent consuming vertebrate prey. Often these 333 parts are discarded by the primary (or secondary) meat-eaters, and are eaten by younger and/or 334 lower-ranking individuals (Teleki 1973) . fraction of these insects is unlikely to impose serious energetic costs on a chimpanzee predator. 348
Chimpanzees appear to value some parts of vertebrate carcasses more than others; for 349 example, muscle, brains and viscera are avidly consumed while bones and skin may be 350 consumed last or even discarded for others to scrounge (Goodall 1986). While primary carcass 351 possessors can afford to be selective, individuals lacking such priority of access to a carcass 352 probably have more limited choices as to which body parts to consume or discard. As a result, 353 although it is typically the case that an entire carcass is eventually consumed (Goodall 1986), the 354 less preferred components are predicted to be those with lower digestibility and nutritional value. 
Synthesis 470
We have discussed the costs and benefits of feeding on vertebrate versus invertebrate prey for 471 chimpanzees. In doing so, we have identified several areas where considerable research is 472 needed in order to understand why chimpanzees eat meat. It is critically important to analyze the 473 nutritional composition of all chimpanzee prey -vertebrate and invertebrate -especially at the 474 micronutrient level. These analyses must include different tissues, ages (in vertebrates), and 475 developmental stages (in invertebrates). Additionally, more precise data are needed on post-476 capture processing (i.e. chewing) costs; How long does it take to consume 50g of liver compared 477 to 50g of tough meat or skin? 478
For now, our conclusions must remain tentative. We believe there is evidence that 479 hunting vertebrates can be -at times -more efficient than gathering invertebrates especially in 480 terms of time investment and availability. Nutrient compositions vary widely both within as well 481 as across taxa -which still allows for the possibility that vertebrate prey is superior in some 482 aspects (especially micronutritional) over invertebrate prey. However, at this stage, we cannot 483 rule out the possibility that, on a gram-for-gram basis, meat and invertebrates are nutritionally 484 comparable. However, we suggest that predation upon invertebrates in many ways may be a 485 more reliable and less-energetically costly, but also less-efficient alternative strategy of acquiring 486 similar important nutrients than hunting vertebrates. The latter is a more energetically costly and 487 physically risky strategy with a greater payoff (albeit less reliable). Even a small bite of meat is 488 equivalent to tens or hundreds of termites or ants (which take considerable time to capture; see 489 table 1). Additionally, seasonality and depletion of resources are important restrictions for 490 insectivory but less so for vertebrates. Chimpanzees with an opportunity to acquire even small 491 amounts of meat (either through a capture or through subsequent begging or scrounging from 492 others) are predicted to pursue that high-value resource to the exclusion of other foods, including 493 insects such as termites or ants (but possibly excluding alates) which will have a much lower 494 rate-of-return. However, we also predict that peripheral, low-ranking and/or immature 495 individuals of either sex may have reduced opportunities to acquire meat, and therefore might 496 engage in higher levels of insectivory despite the lower rate-of-return. 497
Thus, with the data currently available to us, our current view is that hunting and 498 micro-) that are limited in plant foods. Opportunity, seasonality and predictability, as well as 500 nutritional yields per unit time are all critically important for evaluating chimpanzee faunivory 501 patterns, including differences between the sexes, among populations, and over time (see table  502 1). 503
In addition to increasing our understanding of the role of meat in the diet of our ancestors 504 (Milton 2003a ), our analysis also has important implications for the evolution of group 505 coordinated meat gathering activities in early hominins. The meat scrap hypothesis entails that 506 hunting in groups leads to a higher likelihood that each participant obtains at least a scrap of 507 meat. At certain times, this behavior will yield a higher benefit-cost ratio than feeding on 508
invertebrates, thus providing selective pressure for cooperation. Importantly, our hypothesis does 509 not require that the group activity be hunting. Detecting and defending carcasses against 510 predators are other group activities that might have increased the likelihood of obtaining meat 511 scraps compared to individual foraging. Thus, the meat scrap model can inform our view of meat 512 eating by early hominins -regardless of whether it was via group hunting or group scavenging 513 
